Samples with 5.1%, 9.8% and 15.3% HbA1c were extracted from normal subjects and patients with slight and serious diabetes respectively. Extended x-ray absorption fine structure spectra of Fe K absorption were collected at the EXAFS experimental station of the Beijing Synchrotron Radiation Facility. The step-by-step fluorescent mode was employed with a count time of 10 s per point. Several independent scans were averaged to eliminate the statistical noise. Reference backscattering amplitudes and phaseshifts were calculated using the curve wave theory (FEFF code) of EXAFS. Apart from the nitrogen neighbours around the central iron atom, oxygen neighbours are also found. The Fe-N bond length increases by about 0.02 Å for the sample with 15.3% HbA1c compared with the others, but the Fe-O bond length is almost unchanged. With increasing of HbA1c concentration, the content of Hb increases and the content of HbO 2 decreases. This demonstrates that the glycosylation of haemoglobin will decrease its ability to carry oxygen.
Introduction
Diabetes mellitus is a complex metabolic disease in which carbohydrates are underutilized while lipids and proteins are enhanced. Sugar that is not used for energy is left in the blood, where it attaches itself to haemoglobin, which is the part of the red blood cell that carries oxygen to, and carbon dioxide away from, body tissues. Haemoglobin with attached glucose is called glycosylated haemoglobin or glycated haemoglobin (HbA1c). The rate of this permanent attachment is directly proportional to the glucose concentration. Thus, HbA1c concentration is an indicator of blood glucose concentration. When glucose concentrations are elevated in blood, as in diabetes mellitus, there is increased binding of glucose to haemoglobin, which increases the HbA1c concentration. HbA1c can also be used to monitor the response to insulin therapy in diabetes patients. Moreover, it is used to assess the level of control of a patient's diabetes and to determine the proper insulin dosage for a patient. With respect to diabetes, the most important haemoglobin component is haemoglobin (Hb) A1c, in which glucose is attached to the NH 2 terminus (a valine residue) of one or two beta chains of haemoglobin A. Does the concentration change of HbA1c affect the local atomic structures around the central Fe in haemoglobin, and if so, how? This question is important in understanding how diabetes causes physical damage and health problems.
Extended x-ray absorption fine structure (EXAFS) is a powerful tool for probing local atomic structures because of its element selectivity and independence of the long-range order of materials. Due to high x-ray fluxes of synchrotron radiation sources, the fluorescencedetected mode has made the EXAFS technique capable of obtaining local structural information in dilute systems including metalloproteins. In this paper, Fe-N and Fe-O bond lengths and coordination numbers in three samples with 5.1%, 9.8% and 15.3% HbA1c were obtained by using EXAFS. The results can be used to estimate the proportions of oxygenated and non-oxygenated haem centres.
Experimental
Samples of venous blood extracted from normal adults and from diabetes patients were put into EDTA tubes. Then the haemoglobin was immediately separated from these venous blood samples by centrifugation at 3000 rpm for 5 min. The samples were then washed three times with physiological saline. These samples were frozen after adding distilled water for a full haemolysis. After this they were dissolved again and haemoglobin was extracted using CCl 4 . The upper layer forms the solution of haemoglobin and this was immediately frozen. Finally, samples were obtained by freezing and then drying in a vacuum. The concentrations of HbA1c were measured by using the affinity chromatography column method (Fairbanks and Zimmerman 1983) .
EXAFS spectra were collected on the EXAFS station (beam line 4W1B) of the Beijing Synchrotron Radiation Facility. Samples were shaped into ingots with a thickness of about 1 mm. X-ray absorption spectra of the Fe K edge of the three types of sample were collected at ambient temperature in fluorescence mode. The storage ring was run at 2.2 GeV with an electron current of about 50 mA. High harmonics were eliminated by detuning the doublecrystal Si(111) monochromator with a decrease of about 40% in the fundamental wave intensity. The incident x-ray intensity was detected by ion chambers installed in front of the sample. A Lytle-type fluorescence detector ) was equipped to detect the fluorescence x-ray intensity. The sample plane was set to an angle of 45
• corresponding to the incident x-ray direction and the entrance of the Lytle-type fluorescence detector respectively. The x-ray energy was calibrated by using the Fe K absorption edge (7112 eV) of pure Fe film. The energy resolution ( E/E) was about 2 × 10 −4 . All absorption spectra were collected from 200 eV below the absorption threshold to over 1000 eV above the threshold. The collection time for each data point was 10 s. Four independent scans were carried out for each spectrum.
EXAFS data analysis
The first maximum of the first derivative of the absorption edge was chosen as the energy threshold . The pre-edge absorption background was fitted and subtracted using a Victoreen formula. A three-order spline method was used to fit and remove the post-edge absorption background. Figure 1 shows the absorption curve of the Fe K edge for the three types of sample. EXAFS functions were normalized by using the absorption edge jump and were Fourier transformed to R space with a k 3 weight in the range of 2.55 to 16.17 Å −1 . Fourier filters were performed in the range 1.099 to 2.148 Å. Nine fitting parameters are allowable. Hanning windows were used in the Fourier transform and filter process. k 3 χ(k) curves are shown in figure 2. Fourier transform spectra and near-neighbour coordination EXAFS functions are shown in figures 3 and 4 respectively.
In this study we consider an asymmetrical distribution in the system. The following EXAFS formula (Tranquada and Ingalls) was used to fit the experimental spectra: 
Here, N j neighbours stand at distance R j away from the absorber. (Rehr et al 1995) with the Debye-Waller factor σ 2 s = 0.0050 Å 2 . Due to the transferability of the backscattering amplitude and phaseshift, they were substituted for those of the unknown samples in equation (1). The fitting curves for the experimental EXAFS functions are also shown in figure 4.
Results and discussion
The total k 3 χ(k) curves for the three types of sample studied are shown in figure 2 . By comparing these spectra with those of pure oxyhaemoglobin (HbO 2 ) and pure deoxygenated haemoglobin (Hb) presented as figure 2(d) in Eisenberger et al (1978) , it can be found that the three sample types are mixtures of HbO 2 and Hb. The arrows in figure 2 indicate the contributions to the EXAFS oscillation from the HbO 2 and Hb, but HbO 2 is the main component.
A single coordination shell with and without asymmetrical distribution was used to fit the EXAFS signals of the three kinds of sample, for example, the phase corrected method (Tranquada and Ingalls 1983) and the model-dependent (Crozier et al 1988) method. However, the experimental curve could not be fitted well, and no reliable results could be obtained using this method. This implies that local atomic structures around Fe in these samples diverge obviously from the single-shell model although the backscattering atoms N and O are very similar.
Accordingly, here we consider a two-subshell model of Fe-N and Fe-O to describe the oxygen and nitrogen neighbours surrounding the central Fe atoms. It is well known that the five N neighbours around Fe are not at the same distance. However, we have to use one single shell to describe the five N neighbours and another shell to describe the O neighbours because of the limitation of the allowable number of fitting parameters (N inp = 2 k R/π ≈ 9) . At the same time, a small asymmetrical distribution was introduced to describe the local atomic structures, that is the j term corresponding to the third cumulant σ (3) in equation (1) that was used to correct the phaseshift of Fe-N and Fe-O bonds.
Two fitting procedures were used. Firstly, the coordination number of nitrogen neighbours around Fe was fixed to be 5 in the least-square fitting procedure. Nine fitting parameters were optimized and are listed in table 1. A good fitting curve is shown in figure 4 . Secondly, the coordination numbers of nitrogen and oxygen neighbours around Fe were fixed to be 5 and 1 respectively in the least-square fitting procedure. A similar result was found. Obviously, the mean coordination number of the oxygen neighbours surrounding Fe is slightly less than one. Unfortunately, the difference in the oxygen coordination number is ambiguous for the three kinds of sample if accounting for the error bar. In fact, the local atomic structures surrounding Fe in the three sample types are extremely similar. This is also identified by the very similar spectroscopic characteristics as shown in figures 1-4. However, we still found the increase in Fe-N bond length in the sample with 15.3% HbA1c compared with the others. Eisenberger et al (1978) and Perutz et al (1982) determined the Fe-N bond lengths in haemoglobin. We summarize their results for HbO 2 and Hb in table 2. It can be seen that HbO 2 has shorter Fe-N bond lengths than Hb. Our results as shown in table 1 demonstrate that the Fe-O bond length is always 2.00 Å in the three samples. It demonstrates that glycosylation Table 1 . Local atomic structures around Fe in samples with respectively 5.1%, 9.8% and 15.3% of glycosylated haemoglobin. The coordination number (N) of Fe-N was fixed as 5.0 in the fitting procedure. The Debye-Waller factor σ 2 s for the reference samples was chosen as 0.0050 Å 2 in the FEFF calculation.
5.1% HbA1c Fe-O 0.9 ± 0.5 2 .00 ± 0.02 −2.6 ± 3.0 7 .6 ± 5.0 −6.2 ± 5.0 Fe-N 5.0 2.00 ± 0.01 −0.2 ± 2.0 −1.7 ± 3.0 6 .3 ± 5.0 9.8% HbA1c
Fe-O 0.9 ± 0.5 2 .00 ± 0.02 −1. of haemoglobin has no obvious effect on the Fe-O bond length. However, the Fe-N bond length varies with HbO 2 content (Eisenberger et al 1978 , Perutz et al 1982 , Collman et al 1974 . The averaged Fe-N bond is 2.00 Å in the samples with 5.1% and 9.8% HbA1c and 2.02 Å in the one with 15.3% HbA1c. That is to say, HbA1c increased the length of the average Fe-N bond. As Fe-O bonds only exist in HbO 2 , the unchangeable Fe-O bond length implies that the local atomic structures around Fe in HbO 2 are stable and do not change with the concentration of HbA1c. So in the sample with 15.3% HbA1c, the increase in Fe-N bondlength can be attributed to the increase in Hb composition. That is to say, the glycosylation of haemoglobin has almost no effect on the local atomic structures surrounding Fe, but it will change the content of Hb and HbO 2 . If we assume that the local atomic structures around Fe in Hb are also stable with the change in concentration of HbA1c, the relative compositions of Hb and HbO 2 can be estimated according to the obtained bond length of Fe-N. We take the Fe-N bond lengths in pure Hb and HbO 2 as these values listed in table 2. For the three samples with 5.1%, 9.8% and 15.3% HbA1c, the relative concentrations of Hb(α) are estimated as 10%, 10% and 30% respectively. The relative concentration of Hb (or HbO 2 ) can also be evaluated from the nominal Fe-O coordination numbers. An approximate result could be obtained. This demonstrates the consistency of the obtained results. It can be concluded that increasing the amount of HbAlc made the concentration of Hb increase and the content of HbO 2 decrease.
Conclusion
We studied the local atomic structures around Fe in haemoglobin with, respectively 5.1%, 9.8% and 15.3% HbA1c. These samples consisted of mixtures of HbO 2 and Hb. With increasing concentration of HbA1c, the proportion of Hb increases. The averaged bond lengths of Fe-O are equal in the three samples, while the averaged bond lengths of Fe-N are 2.00, 2.00 and 2.02 Å respectively for the samples with 5.1%, 9.8% and 15.3% HbA1c. There is an elongation of about 0.02 Å for a patient with serious diabetes mellitus compared with normal person. Our results demonstrate that the glycosylation of haemoglobin decreases its activity for carrying oxygen.
